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FACA EN Fo. A7402 CONFIDEITIAL

MATIONAL ADVISORY COMCTTEE FOR AERONAUTICS
INTFRACTION OF BOUNDARY LAYSR AND COMPRESSION SHOCK
AND ITS EFFECT UFON AIRFOIL PRES3URE DISTRIBUTIONS

By H. Jullan Allen, lax. A, Heaslet,
and Gerald E, hlizberg

SUILARY

The mechaniem o7 tha Interaction of compresesion chack
with bounlary layer is investigeted, It is ehowvn that the
aprareatly chaclzless pressure dlatributiong 2bscrved exoveri-
mentally 2t supercritical ilaclhi rnumbars can te accounted for
by & moriked thlckening of the boundary layer for somc distance
chead o the shock wave. Presevre distributioms with abrupt
prescure recovery froz large lacal supersonic liach nunbers to
a. local lacli nunber of abnut unity can be accounted for by a
thickenlnn of the Loundary layer over a shorter chordwise
extent,

At the test Reynoids number of atout 1,800,000, the
preserce ol &n aerodynaaically clean or dlrty surface Coes not

meterially influence the drag at high supercritical speeds.

During calibration of the Auvecs l- by 3i-foot hiph-speed

wind tunnel, a study of wall interfercnce by the image method
rvas undertalen to determine the validity of theoretical
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interferenee Iaetors, It was foun? in the esurse of the tests
that prescurs-distribution measuresents at supercritlieal air
speedc enuld not always be fapcetad. This phenoaennn was
particularly cvident at eerta’n angles of attack,

Tne faet that the pliensmenna appearecd oaly at super-
eritieal sp2eds sugpestsd that 1t wae in come way Lrousht
about by the interaetion between compreaslon shoex and the
2irfoll boundrry layer. Such intersctlon 1s possible sliiee
a statliorary slinck wave, viilch only exlstes withln a fiuld
where the veloclty 1s avbnve snnis, eeannt pshietrate to tle
surface of tue 21ofoll vwhere the velociliy must be rero and,
in conseque:ce, the preasurs rise serqass tic shock wave muat
effect a tenderey Un a reversed flow i thin the boundary
layer.

Aa investligatlon was undertaken to Getermine the couse
ot the phenoneron with a vicw to clarifying the present under-
standlng of coupreeclon shinck end the interrelation ~f chock

and touncary layer.

EXPERIVENTAL IVVESTIGATION

Tue Ames 1~ by 33~Ceot high-speed vind tunnel, whieh was

uscd in these tests, is a low-turbulence wind tunnel with

sufficlent power to 2btain choked flow under all test condi-

tions, The alrfoil nodels used in tic present tests were of
MACA U412 airfoll section and spanned the 1-foot dimensien

of the tunnel, There wes no end leekage. One model,
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MACA Rk No. A7402 CONFIDENTIAL

escribed in reference 1, which had a B-inch cherd, wes
equipped with 5l pressure orifices arnd was used to Cetermlne
the dlstribution of pressure over the airfoil section. The
other model had a G-inch chord and wae use& to obtain schlieren
phLotograpiis of the {low.

Of the airfoil pressure dlstributions for the well-
interference etucy, several sbtained at a lach nunber of 0,75
and an angle of attack of 4° are or major interect for the
preger.t study. The Reynolds number for this test waz about
1,5 nillions. The preceswae dlstributicn for the clean airfoil
under these conditions is shown in fipgure 1.

It was noted dwring the tests that, after prolonged
operation of the tunnel, the pressurs diatribution chonged
fron that siown; and it was found that thie change was brought
abtout ty an accumulation of dirt and a pitting due to gritty
particles striking the surface., Foliehing of the airfoll
surface permitted the origiral pressure distribution on the
alrfsil to be reattalned. This result sugyested that the
change in preesure distribution was brought about by a forward
movenent of the point of trensition from leminer to Surtulent
flow, Acgordingly, the preossurcs vere measured with a thin
spenwige strip of coarse carborundua (No., 180) rixed at the
6-percent—chord station on the upper surface of the airfoil,
An even pore pronounced change in the pressurc distribution
of the kind previously found with the dirty swriace was

obgerved., This distribution is shown in figwre 1.

CONFIINRTTAL
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The distribution of pressures sbtained with the clean
alrf2il surface 18 not compatible with the usual theory of
supercritical flow since therec is no sharp drop in pressurc
cocfficicnt to indicate the prescnce of & shock, In order
to etudy this anomaly by the schlieren method, an TACA 4lL12
airfoil meodel was rounted for test on circular glase side-
wall dlsks. The attachient to each Gisik vas effected by two
steel pins, at the 1C- and 70~perceit-chord statione, In

order to scal the end of the sirfoll to the dlsks, thin rubber

gasketa vere used. Typical echlicren »niastographs obtained

rith thils apparatus are chown irn figure 2., It will be nntecd
that, unfortunately, the mounting pins and edge o7 tre
gaskets are vieible but they cen reccily be distingulshed,
In several inatanoccs, visual examination ~f the echlleren
gcreen shored the shock wave to bs blurred,indlcating chord-
wise nmotion nf the wave., Such an unsteady flow could, of
course, produce a pressure dietributisn such aes that ehon
in figure 1 for the clean-swurface nodel since the liguiad
manoneter used for these tests woulld nat reepond to rapid
changes in pressure, In meny instances, however, although an
apparently shackless pressurs distributinon was ottained, the
schlieren scrcen indicated that a campressisn shlack was
prescnt and stationery with time. This observation prampted

an analyzis of the experinental recsults sbtained.
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ANAIXYTICAL INESTIGATION

The experimental pressurc distribution obtalned with a
elean surfece, shown in rigure 3, is akin to the corresponding
distribution »f figura 1 in that, for the upper surfaoce in
both instances, although the lach number 1s vell abave
critical, evilencs of shck is apparently absent although the
schiieren photngraph af figure 4(a), corresponcing to tha '
pressure c¢istribution of figure 3, shows chocked flow., BSuch
a pressure recovery, it was considered, covld te produced by
interaction 24 the shock #‘ava and bouniary layer.

In order to sxplain this, it '13 neoessary to consider
fhe general characterilstice nf the cupersonic portions »f
prassure distributions at supercritical spesds in the absence
of local) boundary-layer affects, Prendtl and lleyer have
shown that, whan a semi-infinite uniform stream at a lach
number of unity is deflected arounil a convex surface, the
local Mach nwber attainsd at eny onint is supersonic with
magnitude a function only of the total angle through whioh
the strasan has turned, Thls theosry is nnCifled empirically
in raferenca 2 for the fact that the supersonic reginn of flow
cver airfolils at supercritical speeds 1s of naly limited
extent, It is found that the local Mach nurber is atilil
directly related to the tnotal anple turned tarough by ths
surface from the sonic point to the point under coneideration,
However, the liach number rise for a given angular defleotion

CONFITENDIAL
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is only from nune-~third to two-thirds that predicted by
Prandtl and leyer, the precise value btelng determined by
the specific configuration of wvirfoll shape, angle of
attack, and free-~streaa liach nunber.

It is known from studles of boundary-layer effects at
low epeeds that the presence of a boundary layer le equiva-
lent to a proportionate local thickening of the alrfoil.
There is no reacon to belleve that this effect will ke
different at high speeds. It follwre tliat, slnce supersonic
1ncal lMaech numbers, and therefore 1locel pressure coefficlents,
are directly affected by local curface comiours, any change
in boundary-layer thickness which markedly changea the
effective local curvature 2f the alrfoil surface will result
in a marked local change in the alrfoll pressurc dlstrivution.
There i1is an abrupt pressure iiacrease across a shocl vave
which can te transuitted forward only through the boundary
layer. This prcesure ricc produces en adverse pregsure
gradient in the boundary layer which teads to thicken angd,
in some cases, actually to2 separatc the boundary layer.

A marked thickening of the boundary layer ahead of tlic shoek
wave pay s2 mndify the effective curvature of the airfoll
surface that the original convexity, with the resultant
falilng pressure, in front of the wavc can be changed to

concavity with a resultant rising prescure in front of the

wavc. In 2%her words, the cffect of the thicikening of the

boundary layer can be such as t9 decreasc the local liach

CONFTTFNTTAL




Uala RK lo. A7a02 CCWFIDEUTIAL

numbers sutslde the boundary layer as the shacz wvave is
approached, The pressure rise rerass the shoek wave 1s

thercby diminished,reeulting in a se-eelled "softencd® shoek
wave, Donaldson, in referernce 3, found that the c¢aneept of the
gnftened comprescion shock led t2 the suesceesful predictlinn of
the pasitlon 2 the terminel shock wave 1n cupersonie nozzles.
¥lg predlcilnn ras based upnn *he ascumption that this soeftening
vas so conplete es to make the laech nurbers immediately ahead
of aad behind the terninal shonek wave essentlally unity. If
the suppnsitinn 1s macde that tlie prescure distributinn can be
related t2 the effective surface cwvature end if 1t 1s assumed
after Conaldson, that the terminal shinek wave nccura when the
surface pressure i1s tihet correspending to & lfach number of
unlty, 1t should be pnssilble to celculete from a known alrfoll
pressure distributlon the growth of the bourndary layer &and the

positinn nf the terulnal shock wive,

In srder to do this, it is neeessery to reiete the rilse

in pressure along the surface tn the deflectiosn in the strcem
direction, Thils nay be acenmplished by assuning that pressure
changes take place nn liach lines, ae wes done by Ackeret and
Susemann (reference 4, ppn. 235-226), or by accuning that the
changes 2ceur alang shoek vaves of infiniteesimal magnitude.
The latter epprosch will be adnpted here. Consiler now the
unifarn, two-dimensionel flow 2f a compressitle fluld at a
lMach number ¥, > 1, If this flow 13 defleeted throu~h an
angle 8 as shown in figure 5, which is less then a certain
CONFTRIMUITTAL




" CONFIDENTIAL N-GA RM No. A7a0C

prescribed value, theory indicates that a linear shick wave
will be formed in the fluid and that the shock will pass
through the point at which the derleption neccurs, lioreover,
classical theory has showa that it 1s possible to relate
condlitions on both sides of the shock vave Ly means 2f the
equations which follow fronm the essunption that ness,
nomentur, and euergy are conserved in passing thirougly the
shock (reference 4, p. 233), As a result of these
assuanptions 1t can dbe cho'm that

-y = y,»8in S sina
Pa—-1n P11V, ——cos"_-(a—e)

- V,%(sin® a ~ 1. 2
Pa pz-p; 1( E‘)Y‘l‘l

pressure
density
angle of deflection of stream
angle »f inclination of shock wave
velocity -
ratis of cpecific heats (cp/oy = 1.4) ]
subscripts densting conditions before and behind the
shock, respectively.

As J eapproaches zero, the pressure rise acrass the
shook approaches zero and from equasion (2) it follows that
sin a = 1/M;. Thus a 4s the Mach angle essociated with -

CONFIDENTIAL |
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the free-stream Mooh Rumber and -the shack wave becomes 4n the
1inlt e Mash lice. #n the snalysis “timt -fallows, mn -expression
Will be dsrived relsting e -change 4n pressure with the walue
of 9 . e :
By setting
Pa~ Py-= Ap
Ao =q,
Ap/q, =4

equations (1) ang (2) -nay pe aritten, Tespectively, 1n the
forms

AP = ’2:55 1 o ten 8

A4tepngtans

sin® o & ﬂﬂ.&_ﬁb 1

Ky

It 1s possible to eliminete @ betwpen the two Precelding

£quationg and, 8s & result, ap ey be expressed as a Tunzatisn

of ten & op, inversely, the engls or feflection may be
eXpressed in terus of the pressurs ¢hange. 871ving far tan @
Eiyes

{
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If ¢ 1is small, it follows that The preseure lncrement
is emell and, ae & consequence, the right-hand member of
equation (3) cen be expanded in series form, Neglecting

powers of AP abave the second ylelds the f21lowling

ten 6 = ap MEAL . (E.P); Wig -1 l_(-v+1)1h" S (1)
2

L Lu(m"-l)

If, in turn, AP 13 expressed in terms »f tan 6, eand

pavers 2T tan 8 above the sccond are sultied, the result is

Ap = p v, 3| ten 8 4 _tan®8 | (y+1) ¥p* 1 ‘
M5 -1 w7

b(i,® -1) 1

It is thus possible, under the cesunptisns of thin-
airfoll theory, to treal pressure varizatinsn in & supersonic
strecm elther as a limiting casec of attenuated shack waves
or by meane of the previously knowa &pproach whichh assunes
the pressure changes take place alnug Ilach lines,

If the relstion between pressure—coefficlent chenge and
angle-of~-strexm deflection given in ecuatison (&%) 15 used, it
is then p2ssible to calculate thg growth »f the boundary leayer

and the change in local liach number ty & step~by-stcp process,
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calculated position for a liach number »f' unity which

confirms Doncldson's hypothcsis,

With o cleen rurface 1t can be assuned that, at the -
relatively lovw Reynolds pumber of the test, the low renaine

lauinar up to the shoci,

Altroush no mcasurements werc nade

in the presant lavestigation to support this assumption, &

sinilar conditlon wes found o exiet at rnuca higher Reynolds

nuubers in aa investigation in the Azes 16-fost high-speed

wind twnel o a 1large

chord ACA low-3Irap-type alrfoll,

“ith thy cédltion o carborundum to the ailrfqil of the

precent lnvestipatlon, trrrsliion Trom laminar to turbulent

floaw probakly neves forvnrd enough 0 that a turbulent
b 4

boundary layer exla®s over the reglon of interest, It is

well inotmi that vhile the laninar layer is easlly thickened

by an adverse nressawrcerallent, the turbulent layer 1is more

reglistant to such a gradlent.

rise across a rlvea chazk weve will be greeterr than for a

twoulent boundary layer,

shock wave occurs &t a Mach nunber near unity, the previous

analrsls has shovn that the anpgular deflsction of the strean
at tlie 2utside of the boundary layer has & fixed value,

Hence the narked thickening due to the terrminal slock must

Ior a larinar lsjyer.

The pressure distributiona of figure 1
show this to be the case,

CONFIDENTIAL -

It 1s then to ve expected that

If 1t 1: agsumed that the terminal
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thz thickenins o7 & laminar boundary laycr duz to the pressure

be more linited in ohnrdwise extent for a turbulent layer than
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DISCUSSION AWD CONCLUDING REMARKS

The theoretical analysis was opplied to predict the

brundarv--layer grovwth and tne fornation of sheck corrssponding
t2 some measured pressure distrlibutions, A comparlsan »f
several calcuiated flows with thz cerrespending obrerved flows
1s shown in rigures 4, 6, 7, ard 8. (The flovs o fiz. 4, as
nated previosugly, correspoad to tie pressure disiribtutlon of
fig., 3.) 1In these caloulatlons the liach lines corresponéing
with the me~rsured fwface pressurns have been arbltrarlly
extended li.eezrly and are tarrloated al the extended ifach line
of unit;. &uch a dlagrarn cleerly cannat eonfarn vwith reality
at points reuoved from the surfacc since it rfalls to allow for
the proper pressure variation normzl %o the airfoil, In
particular, the utity Iisch lire, although possible close to
the surface, could not extand iato the flow fleld to intersect
the other-llach lines as shovn, In spite of these linitations,
it is seen that, in figures 4 and 6, the terminal shock is at
a constent chordiiise pnegltisn alang the span and the calculated
and experizertal flows are in good arreement, indicating that
the previoucly discus-ed meckanisn for the interzetion between
shoci end boundary layer 1s subatantlally correct, The
schlleren phatogrepha 2r figures 7 and & suggest that the flow
varles spanvise, In splte of this, reasnnable agreement is

" obtained, In additlon, the figures show that near the surface

the actual location of the shock wave 1s very close to the
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. ;2 the ceses 89 tar ‘consldered; pufficient thitkening to

1nduce shock near & Mach number of unity has been evidenced by
the -pressure distributions. Tt cannnt be concluded, houever,
thet all shocks must take place at close 19 unity liach nunber
gince the 1oyer—surface pressures of Ilgure 3 wouild nnt apneér
to suppert such a conclusion. As a further warning, 1t should
not be concluded that whenever & pregsire distribution of the
type shown Ior the upper surface in figure 3 18 obtained the
ghook necessarily takes place nesr wnity Mach nunber, unless
the pressures &are poth instentbaneous ant persistlig. Usually
pressures -are measured on liquid manoneters poresessing slow
response whick, in consequence, can 1ndilcate for this latter

- gype of pressure Jistribution either & goftened shock, &8
previously 4iscussed, or & fluctun.tlng—ahocl: flow which in
other instances has peen observed.

Uncer the agsucption that ghnck occurs at about the

. chordwise statlon where the local isch number has dropped to
unity, the pressure Aistributions of figure 1 indicate the
following: Wren the boundary-laysr flow 153 cranged from

" laminar to turbuleat, by means ~f the strip of coaree carbo-
rundum, the locailon of the shock wave 18 anved forward and
the boundary-layer separation after shock appears coﬁplete.

As will be seen 1n fipgure 2, the growtn of the boundary
layer anead of the t erminal shock wave 18 ususally one therein
the thickening of the boundary layer is et first slow and
Anoreases as the terminal shock.ls approached, 88 ghown in
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.figure Sf{a)s. The pressure distribution is then of the type
.shown An figure 9(b). The iach lines, which are but shnck
..anes of weak strength, are generated at the boundary-layer
surface and would form an oblique shock of greater strength
. 1f they coalesced to form an envelope. Howaver, such
coalescence has not cpace enough to occur ahead of the
terninal shock in the usual case, and hence, the obllque
shoock would not be evident,

if, on tir other hand, the boundary layer were laminar
and gsparated to foim & wedge of constant engle, as gkown in
figure 10(a.) , the envelope of ilach lines would form an
oblique shock which would disappear at tile terminal shock
and the pressure dlstributlon would be of the type shown in
figure 10(b), That such types do actually occur 13 seen in
figure 2 for soue of the lower—curface siancks,.

It 1s important to nate that, with the adiltlon of the
carborunduia, the reduction of 11ft was slzable but tliat the
relative change in drag was slight, In flgure il ls shown
the preseure drag coefficlent (which at speeds well in excess
of the critical is practically the itotal drag coefficient)
for the airfoll vhose pressure distributions are shown in
- figure 1, It appears that, whetker or not ths energy laoss
in the boundary layer is increased with a consequent reduction
in energy loss in the shock wavs, ths net effect on the total
drag is practlioally the sanme, it should be noted, however,

that in ths cases considersd, a softened shock is apparently
CONFIDENTIAL '
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(@) EXPERIMENTAL FLOW PATTERN.

l

e EXPERIMENTAL SHOCK
, LOCATION

(b)) CALCULATED FLOW BATTERN.

FIGURE 4.~ CALCULATED AND EXPERIMENTAL FLOW ABCUT AN NACA 44/2
AIRFOIL SECTION AT O°ANGLE OF ATTACK AND MACH NUMBER. 0.774
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FIGURE B~ THOCK WAVE PRODUCED BY ANGULAR
DEFLECTION OF UNIFORM SUPLLSOMIC STRELAM.
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FI6URE 6~ CALCULATED AND EXPERIMENTAL FLOW ABOUT AN NACA 442
AIRFOIL. SECTION AT O®ANGLE OF ATTACK AND MACH NUMBER 0.722.
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FISURE 7.~ CALCUWLATED AND £XPERIMENTAL FLOW ABOUT AN NACA 94912
AIRFOIL SECTION AT 4°ANGLE OF ATTACK AND MACH NUMBER 0750.
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